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AbshLt S M D  = Sauter mean diameter 
The effect of initial flow conditions on the primary 
breakup of nonturbulent and turbulent liquid jets in still gases 
was studied experimentally. Pressure-atomized jets were 
provided by a pistonlcylinder arrangement followed by a 
converging passage to yield nonturbulent slug flow. The degree 
of flow development at the jet exit was controlled by removing 
the boundary layer formed on the converging passage, and 
providing constant-diameter passages of various lengths after 
boundary layer removal. Test conditions included water, n- 
heptane and various glycerol mixtures injected into helium, air 
and Freon 12 at pressures of 1 and 2 atm. Pulsed photography 
and holography were used to observe the liquid surface prior to 
primary breakup. The results highlight the importance of liquid 
vorticity at the jet exit on primary breakup: experiments with 
nearly vorticity-free exit conditions (passage IengtWdiameter 
ratio, Lid = 0.15) caused primary breakup to be suppressed, 
yielding stable liquid jets similar to those used in liquid jet 
cutting processes. In contrast, larger Lid at sufficiently high 
Reynolds numbers caused transition to turbulent jets having 
wrinkled surfaces prior to primary breakup by the turbulent 
primary breakup mechanism. A breakup regime map was 
developed, yielding behavior in the turbulent primary breakup 
regime for L/d > 4-6 and passage Reynolds numbers > 1-4 x 
Id. Within the turbulent primary breakup regime, conditions 
for the onset of breakup, and the evolution of drop sizes with 
distance from the jet exit, all were relatively independent of Wd 
for values up to 212. Finally, a new correlation for drop sizes 
after pimary breakup at nonturbulent conditions was developed, 




CNT = experimentalconstant 
d = jet exit diameter 
dP = dropdiameter 
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= mean jet exit velocity UO 
Weij = Weber number based on density of phase i and 
length scale j (= pj&')/o) 
X = distance from jet exit 
A = radial spatial integral scale of turbulence 
w = molecular viscosity 
P = density 
0 = surface tension 
Subscripts 
f = liquid phase p q e r t y  
FD = fully-developed condition 
g = gas phase property 
1 = at point of breakup initiation 
INTRODUCTION 
An experimental study of the effects of initial flow 
conditions on the properties of dispersed liquid generation 
(primary breakup) along the surfaces of liquid jets in still gases 
is described. The research was motivated by the importance of 
primary breakup to the structure and mixing properties of the 
near-injector (dense spray) region of pressure-atomized sprays. 
Measurements were made of effects of jet exit conditions on the 
onset of primary breakup and on drop size dismbutions after 
primary breakup. The experiments involved both nonturbulent 
and turbulent round-jet exit conditions for noncavitating flows 
within the liquid passage. Effects of physical properties were 
studied by considering a range of liquids (water, n-heptane and 
various glycerol mixtures) and ambient gas environments (air, 
helium and Freon 12 at pressures of 1 and 2 arm.). The study 
was limited, however, to primary breakup along the surface of 
liquid jets in the second wind-induced and atomization breakup 
regimes,'.') as opposed to breakup of the entire liquid column 
itself. 
Many investigators have reported significant effects of jet 
exit conditions on the atomization properties of pressure- 
atomized sprays in still gases, see Refs. 3-23, among others. In 
particular, the early studies of De Juhasz et al.3 and Lee and 
Spensefl showed that atomization quality differed for laminar 
and turbulent jet exit conditions. Subsequently, Phinneys and 
Grant and Middleman6 found that jet stability and the onset of 
breakup were affected by the presence of turbulence at the jet 
exit. In fact, more recent work shows that jet exit conditions 
dominate atomization properties for pressure atomization at large 
liquid/gas density ratios, typical of injection in air at atmospheric 
pressure. For example, Hoyt and Taylor8-10 observed little 
effect of relative velocities on primary breakup when jet exit 
conditions were turbulent, for relative velocities comparable to 
injection vclocities. Finally, Arai et a1.*1-13 and Karasawa et 
1 
a1.14 showed that breakup could be suppressed entirely for 
super-cavitating flows where the liquid jet separates from the 
injector passage wall, and does not reattach, to yield a relatively 
uniform and nonturbulent flow at the jet exit. In retrospect, this 
behavior is not surprising because jet exit conditions of this 'ype 
are widely used for liquid jet cutting systems, where avoiding 
breakup is a major design objective.'s 
'-1' 
A series of studies in this laboratory have helped to 
quantify some effects of jet exit conditions and aerodynamic 
forces on the properties of pressure atomization in still gases.'" 
23 Jet exit conditions involved either nonturbulent slug flow, or 
fully-developed turbulent pipe flow, with gamma-ray absorption 
and pulsed holography used to measure distributions of liquid 
volume fractions and drop sizes after primary breakup. It was 
found that mixing rates were faster, the length of the potential- 
core-like liquid column near the jet exit was reduced, and drop 
sizes after primary breakup were increased, for turbulent rather 
than nonturbulent jet exit conditions.16.20 A more surprising 
finding was that long accepted aerodynamic snipping theories Of 
primary breakup24-26 were not e f f ec t i~e .2 ' -~~  For liquidkas 
density ratios greater than 500, drop sizes after nonturbulent 
primary breakup were successfully correlated by assuming that 
they were proportional to the thickness of boundary layers 
formed along liquid surface waves with no direct consideration 
of aerodynamic effects.21 Similarly, for liquidgas density ratios 
greater than 500. drop sizes after nonturbulent primary breakup 
were successfully correlated by phenomenological analysis 
considering effects of surface tension and liquid turbulence 
properties alone.22.23 Aerodynamic effects were observed for 
turbulent primary breakup at lower IiquicUgas density ratios, 
however, they could be explained as a result of merging of 
primary breakup and secondary breakup with the latter treated 
based on recent results for the secondiuy breakup of  drop^.^^.^^ 
Thus, existing measurements of primary breakup 
properties have been dominated by effects of vorticity and 
turbulence at the jet exit.19-23 Available information about 
nonturbulent breakup, however, has been limited to a single 
injector passage while liquidgas density ratios less than 500, 
where aerodynamic effects might be expected, have not been 
explored. Additionally, study of turbulent primary breakup has 
been limited to injector passage length-to-diameter ratios, L/d > 
40, at high Reynolds numbers in order to yield fully-developed 
turbulent pipe flows at the jet exkZ9,3o therefore, the range of 
L/d and passage Reynolds numbers needed to reach this regime 
has not been resolved. Thus, the present investigation sought to 
address these gaps in the literature, with the following specific 
objectives: (1) to investigate effects of passage properties and 
liquidgas density ratios on drop sizes after nonturbulent primary 
breakup; and (2 )  to investigate effects of L/d and passage 
Reynolds numbers on onset conditions for turbulent primary 
breakup and drop sizes after turbulent primary breakup. The 
experiments involved relatively large diameter (3.6-9.5 mm) 
nonevaporating liquid jets injected into still gases to provide 
liquidgas density ratios in the range 104-7240. This simplified 
the control of jet exit conditions while including conditions 
where aerodynamic effects might be expected (pf/pg < 500). 
Similar to past work?'-*3 drop size distributions after primary 
breakup were measured using pulsed holography. As noted 
earlier, observations were limited to breakup along the surface of 
the liquid jet from the jet exit, rather than breakup of the entire 
- 
L" liquid jet itself 
The article begins with a description of experimental 
methods. Results for nonturbulent breakup are then discussed, 
considering flow visualization, phenomenological analysis to 
find drop sizes after primary breakup. and the correlation of 
measurements and predictions. The paper concludes with 
discussion of results for turbulent primary breakup, considering 
flow visualization, a turbulent breakup regime map, and the 
effects of jet exit conditions on the onset and drop sizes after 
turbulent primary breakup. 
EXPERIMENTAL METHODS 
Booaratus 
The test apparatus was similar to the arrangement used 
by Wu and Faeth23 and will be described only briefly. It 
consisted of a pneumatically-driven pistodcylinder arrangement 
containing a 600 ml sample of the liquid to be injected. The 
outlet of the cylinder had a rounded contraction to prevent 
cavitation as illustrated in Fig. 1. The profile of the contraction 
was designed according to Smith and Wang3I to provide a 
uniform velocity (slug flow) across the exit, aside from 
boundary layers along the walls of the passage. Acceptable 
performance of these designs was established earlier for steady 
operation using laser velocimetry.'6.'7 Detailed measurements 
of the turbulence properties of the present contraction sections 
have not been made but turbulence levels are expected to be low 
because conditions at the stan of the contraction section are 
relatively quiescent and the contraction ratio is large (roughly 
1OO:l). Injection was vertically downward within a windowed 
test chamber, with the liquid collected at the bottom of the 
chamber and then discarded. 
Tests of nonturbulent, slug flow injection involved 
terminating the flow passage at the end of the contraction 
section. Tests of turbulent injection, and to identify the regimes 
of turbulent primary breakup, involved following the contraction 
section with a constant-diameter passage as illustrated in Fig. 1.  
In this case, the diameter of the injector exit was smaller than the 
diameter of the outlet of the contraction, so that boundary layers 
formed along the walls of the contraction section could be 
removed by the sharp leading edge (cutter) of the constant- 
diameter section. This provided a well defined slug flow inlet 
condition for the constant-diameter section with flow properties 
at the exit of this section controlled by its length. Thus, jet exit 
conditions ranged from nonturbulent slug flow &/d = 0.15) to 
fully-developed turbulent pipe flow for sufficiently large Wd and 
passage Reynolds numbers. 
The windowed test chamber was cylindrical with a 
diameter of 300 mm and a length of 1370 mm. The chamber 
could be evacuated and refilled with various gases at pressures 
of 1 and 2 am.  in order to change IiquicUgas density ratios while 
avoiding problems of cavitation and flashing at low chamber 
pressures. Instrumentation was mounted rigidly; therefore, 
various distances from the jet exit were considered by uaversing 
the injector within the test chamber while horizontal positions 
were varied by traversing the entire injector/chamber assembly. 
The piston/cylinder arrangement was filled with test 
liquid as described earlier.21-23 Test operation was initiated by 
admitting high-pressure air to the upper side of the piston 
through a solenoid valve which forced the liquid through the jet 
passage. Total test times were short, 200-1oooO ms, however, 
this was sufficient due to short flow development and data 
acquisition times. Jet exit velocities at the time of the 
measurements were calibrated using an impact plate, similar to 
Refs. 21-23. - 
Instrumentation consisted of pulsed shadowgraph 
photography and pulsed holography, using the same 
arrangements and methods as Refs. 21-23. Pulsed 
shadowgraph photography was used to measure primary 
breakup properties near the onset of breakup, to measure the 
sueamwise location of the onset of breakup, and to identify the 
type of primary breakup. The holocamera was used for this 
purpose, operating in the single-pulse mode with the reference 
beam blocked to yield a shadowgraph rather than a hologram. 
Experimental uncertainties (95% confidence) of the location of 
the onset of breakup were less than 40%, similar to Refs. 22, 
23; this is relatively large due to the angular variation of 
ligaments protruding from the surface and the randomness of 
drop separation from the tips of ligaments. 
Single-pulse holography was used for drop diameter 
determinations, using a configuration and methods of image 
analysis identical to Refs. 21-23. Drop size distributions, the 
mass median diameter (MMD) and the Sauter mean diameter 
(SMD) were found by summing over 40-200 objects at each 
condition. Experimental uncertainties of these properties were 
dominated by finite sampling limitations because primary 
breakup yields relatively few drops, particularly near the onset 
of breakup. ?bus, experimental uncertainties (95% confidence) 
of MMD and SMD are estimated to be only less than 40%, 
comparable to Refs. 21-23. 
. .  
Test C o n d m n s  
Test conditions for nonturbulent and turbulent jets are 
summarized in Tables 1 and 2, respectively. Present data for 
nonturbulent jets were supplemented by earlier measurements 
from Refs. 17,18,20 and 21 using similar injector designs based 
on Smith and Wang31 profiles for the contraction sections to 
yield a nonturbulent slug flow at the jet exit. Present data for the 
turbulent jets were supplemented by earlier measurements from 
Refs. 17,18,20,22 and 23; in these cases, a rounded contraction 
section was directly followed by a constant diameter section with 
no boundary layer removal but with Lld > 40 to yield fully- 
developed turbulent pipe flow at the jet exit for sufficiently large 
passage Reynolds numbers. 
Both nonturbulent (Table 1 )  and turbulent (Table 2) jet 
experiments involved injection of water, n-heptane or various 
glycerol mixtures into still helium, air or Freon 12 at pressures 
of 1 or 2 atm. This provided a variety of liquid properties with 
liquidlgas density ratios in the range 104-7420 so that 
aerodynamic effects could be assessed. Injector diameters were 
in the range 3.6-9.5 mm in order to vary boundary layer 
properties on the injector passage walls for nonturbulent jets, 
and the integral scales of turbulence for the turbulent jets 
(Similar to past streamwise and radial integral scales 
at the jet exit will be taken to be 0.4d and d/8,  respectively, 
based on the measurements of Laufer for fully-developed 
turbulent pipe flow as cited by Hinze.30). Jet exit velocities 
were in the range 1.7-134 m/s, yielding gas Mach numbers less 
than 0.4; therefore, effects of compressibility were small, 
Effects of gas type on surface tension were small for present 
v 
conditions as well, so that the values used in Tables 1 and 2 
were specifically based on measurements in air at atmospheric 
pressure. 
Jet exit velocities for nonturbulent jets CTable 1) Were in 
the range 16-134 m/s, yielding the following ranges of jet and 
primary breakup dynamic parameters: Refd Of 17,000-750,000, 
Wegd of 19-2,750 and Ohd of 0.001 1-0.018. Except for a few 
test conditions in helium, Wegd > 40 and Wefd > 8, which 
places present measurements in the atomization breakup regime 
for nonturbulent liquids defined by Miessel and Ranz? where 
primary breakup should begin at the jet exit. 
let exit velocities for the turbulent jets (Table 2) were in 
the range 1.7-99 mls, yielding the following ranges of jet and 
primary breakup dynamic parameters: Refd of 5,600-780,000, 
Wegd of 0.29-1160, Wefd of 250-653,Mx) and Ohd of 0.001 1- 
0.020. Overall, these conditions span the Rayleigh, wind- 
induced and atomization breakup regimes of Refs. 1 and 2; 
however, present measurements will specifically address issues 
of the mode of breakup and its onset. 
NONTURBULENT JETS 
Flow Visu&zahn . . .  
Consideration of the experimental results will begin with 
nonturbulent jets, in order to highlight the importance of 
vorticity in the liquid at the jet exit for primary breakup over the 
present test range. The importance of vorticity at the jet exit is 
illustrated by the pulsed shadowgraph photographs of the liquid 
jet near the jet exit appearing in Fig. 2. Two injector conditions 
are shown: one involving nonturbulent slug flow leaving the 
contraction section without removal of the boundary layers near 
the passage walls, the other involving the same contraction 
section and flow rate but with the boundary layer removed by a 
cutter followed by a short constant area section (IJd = 0.15). In 
both cases, water was injected into still r w m  air at atmospheric 
pressure. When the cutter is absent, ligaments form very close 
to the jet exit shortly followed by breakup of their tips to form 
drops according to the nonturbulent primary breakup mechanism 
considered in Ref. 21. In contrast, when the boundary layers at 
the passage exit are removed by the cutter, followed by a shon 
constant-diameter section which prevents significant 
development of subsequent boundary layers along the passage 
walls, primary breakup along the liquid surface is entirely 
suppressed. In this case, a solid liquid sueam, similar to those 
used for liquid cutting jets,'5 was observed, which only 
involved the appearance of relatively large scale surface 
irregularities (sinuous and helical waves) at x/d > 30. 
The behavior seen in Fig. 2, where primary breakup is 
inhibited when the flow at the jet exit is nearly uniform and 
nonturbulent, is consistent with past observations of effects of 
jet exit and aerodynamic conditions on primary breakup. In 
particular, Arai et a1.11-13 and Karasawa et observe the 
suppression of primary breakup for injection into still air for 
supercavitating injector flows, where supercavitation in the 
injector passage prevents the development of vorticity within the 
liquid jet somewhat analogous to the action of the cutter during 
the present experiments. Additionally, recent study of primary 
breakup of turbulent liquids injected into still gases suggests 
relatively small aerodynamic effects for liquidgas density ratios 
greater than 500,23 like the results illustrated in Fig. 2. This 
was confirmed by repeating these experiments with injection into 
3 
a helium environment, where the substantial increase Of the 
liquid/gas density ratio should act to suppress aerodynamic 
effectsz3 In spite of this change, however, the behavior Of 
primary breakup when the cutter was not used was very similar 
to the results illustrated in Fig. 2. Thus, for conditions 
involving nonturbulent jets over the present test range, vorticity 
generated in the injector passage dominates the primary breakup 
process and the aerodynamic effects considered by the classical 
aerodynamic breakup theoriesu-26 appear to be negligible. 
.~_ 
Other preliminary measurements confirmed general 
observations concerning nonturbulent primary breakup from Wu 
et aLZ1 First of all, it was found that drop size distributions after 
primary breakup satisfied the universal rmt  normal distribution 
with MMD/SMD = 1.2, proposed by Simmons.32 Since this is 
a two-parameter distribution function, fixing the ratio 
MMD/SMD implies that the complete size distribution can be 
defined by a single parameter, which will be taken to be the 
SMD in the following. Additionally, the SMD after primary 
breakup increased with distance from the injector for a time 
before becoming relatively independent of distance from the 
injector in a fully-developed nonturbulent primary breakup 
regime for pfxiio/pf> 106, see Ref. 21. The fully-developed 
breakup regime dominated primary breakup properties for 
present test conditions; therefore, subsequent considerations will 
be limited to these conditions, similar to Ref. 21. 
As a result of these observations, the phenomenological 
analysis for drop sizes after nonturbulent breakup due to Wu et 
a1.,21 loosely based on aerodynamic snipping ideas, was 
modified to account for the dominant effect of liquid vorticity at 
the jet exit. The general nature of the new approach is illustrated 
in Fig. 3. The boundary layer of length Lp, which forms along 
the contraction section of the injector, is assumed to create the 
vortical liquid region responsible for primary breakup. 
Additionally, the drop sizes resulting from primary breakup, 
represented by the SMD, are assumed to be proportional to the 
thickness of the boundary layer at the jet exit. Finally, it is 
assumed that the boundary layer thickness at the jet exit scales 
in the same manner as a laminar flat plate boundary layer for an 
ambient velocity EO and a length Lp.29 These assumptions 
imply: 
L 
S ~ F D L p  - (Wf/(PfLpiio)P (1) 
It is convenient to rearrange Eq. (1) so that W e g s m  and Refd 
are introduced, because this facilitates comparison with earlier 
correlations and evaluation of potential secondary breakup 
effects. Completing this rearrangement yields: 
WegSMD = CNT&p/d)1/2Wegd/Refd1n (2) 
where CNT is an  empirical constant involving various 
proportionality factors. When interpreting Eq. ( Z ) ,  it should be 
recalled that properties like the gas density, the surface tension 
and the jet exit diameter have been inuoduced arbitrarily and that 
aerodynamic snipping plays no role in the proposed mechanism 
of nonturbulent primary breakup, Le., that drop sizes after 
primary breakup are taken to be proportional to the thickness of 
the vorticity-containing region at the jet exit as represented by 
The form of Eq. (2) was tested by combining the present 
measurements with those of Refs. 17,18 and 20, as summarized 
in Table I. The resulting correlation of all the measurements is 
illustrated in Fig. 4. The correlation of the data for all the 
liquids, ambient gas environments, jet exit velocities and jet exit 
diameters is seen to be remarkably good. The power of the 
correlation in terms of the independent variable is not unity as 
suggested by Eq. (2) .  however, and can be represented better by 
the following empirical fit, that is shown on the plot: 
The standard deviations of the constant and power Of Eq. (3) are 
2 and 3%, respectively, while the correlation coefficient Ofthe fit 
is 0.99-which is excellent. The reduction of the power Of the 
independent variable on the right hand side of Eq. (3) from Unity 
to 0.87 is statistically significant but is not large in view of the 
qualitative development of the correlation. However, this 
reduction helps to account for relatively modest reductions of the 
SMD with increasing gas density observed during Present 
measurements and those of Tseng et aLZo i.e., SMD - Pg-'.l3 
from Eq. (3). Thus, a small aerodynamic contribution to 
nonturbulent primary breakup may be involved in the reduction 
of the power as well. 
The correlation of Eq. (3) also was evaluated using 
results reported by Hoyt and Taylor.9 This involved analyzing a 
photograph of breakup appearing in this paper, selecting drops 
near the liquid surface for x/d in the range 7-9, which is within 
tthe fully-developed regime. The liquid passage in this case had 
a conical contraction section with a 7' half angle and a 
contraction ratio of 4.2, followed by a constant area section 
having U d  = 1. The measurement yielded an SMD of 430 pm, 
while Eq. (3) yields SMDFD of 530 pm, In view of the rather 
different liquid passage configurations, and the limited accuracy 
and extent of the measurements, this level of agreement is 
encouraging. Nevertheless, Q. (3) should not be used for the 
developing region of nonturbulent primary breakup, where drop 
sizes generally are smallerF1 and it should be recalled that the 
expression was tested mianly for injectors having Smith and 
Wang3l profiles for the conuaction section. Finally, conditions 
for the onset of this breakup regime have not been identified. 
Thus, much remains to be done to gain a better understanding of 
how primary breakup occurs due to nonturbulent vortical 
regions in the flows at the jet exit. 
The limits of secondary breakup are illustrated in Fig. 4, 
assuming that relative drop velocities after primary breakup can 
be approximated by uo and that the drop size distribution 
function satisfies the universal root normal distribution function. 
The fust approximation is reasonable based on measurements of 
drop velocities after nonturbulent primary breakup which show 
that the largest drops, that are most likely to experience 
secondary breakup, have relative velocities nearly equal to the 
mean jet exit Next, it is generally agreed that 
drops are unstable to secondary breakup when their Weber 
number, Wegp > 13, see Hsiang and Faeth27.28 and references 
cited therein. Finally, the universal root normal distribution 
implies that drop diameters within three standard deviations of 
the MMD have the diameter range 0.098 5 dp/SMD 5 3.5 and 
contain 99.7% of the spray mass. These assumptions imply that 
WegSMD = 1.8 and 66 define limiting conditions where 
virtually no drops or all drops undergo secondary breakup. 
Noting that it is difficult to remain in the atomization breakup 
regime for values of Weg,efd'n much lower than the present 
test range, it is clear from the results illustrated in Fig. 4 that 
nonturbulent primary breakup yields sprays that should involve 
significant levels of secondary breakup. 
TURBULENT JETS 
Flow V i s u m  . . .  
Injector passage design, including the inlet contraction, 
the presence of mps and other turbulence promoting devices, 
and the roughness and length of the constant area section, all can 
modify conditions required for turbulent flow (and its degree of 
development) at the jet e ~ i t ; ~ 9 . 3 ~  correspondingly, this affects 
conditions required for the presence of turbulent primary 
breakup. Thus, in order to control the number of test variables, 
present considerations were limited to conditions where either 
the boundary layer formed on the contraction section was 
removed, and the resulting slug flow was passed through 
constant area sections of given Lid (for L/d 2 lo), or where the 
contraction section was immediately followed by a relatively 
long constant area passage (for Lld 2 40). 
For present passage configurations, the onset of 
turbulent primary breakup was affected by both the Ud ratio of 
the constant area section of injector passage and the Reynolds 
number of the flow through the injector passage. The effect of 
Lid is illustrated by typical pulsed photographs of the flow near 
the jet exit illustrated in Fig. 5 .  Three conditions are shown: 
contraction section boundary layer removal (cutter) with Ud = 4, 
a cutter with Lid = IO and a round conuaction followed by a 
long constant area section with Lid = 41. Passage Reynolds 
numbers for all three conditions exceed 105, which is sufficient 
to obtain fully-developed turbulent pipe flow for sufficiently 
long L/d.29,30 In fact, normal turbulent primary breakup, with 
an irregular liquid surface near the jet exit followed by the 
formation of irregular ligaments and drops farther downstream. 
is observed for Lid = 41, which corresponds to conditions 
considered during earlier studies of turbulent primary 
breakup.17.18.20-23 On the other hand, the liquid surface 
remains smooth near the jet exit and no breakup is observed for 
Lld = 4, yielding behavior similar to the findings for a short 
cutter discussed in connection with Fig. 2. Increasing the length 
of the constant area section to Lld = 10, however, yields a 
turbulent primary breakup process very similar to observations 
with large Ud passages. 
v 
The effect of the passage Reynolds number on the onset 
of turbulent primary breakup is illustrated in Fig. 6. In this 
case, a 42% glycerol mixture was injected at progressively 
increasing velocities to yield passage Reynolds numbers of 1.5, 
2.0, 3.3 and 4.2 x 10" with Lid = 7. At the two lowest 
Reynolds numbers, the liquid surface at the jet exit is smooth, 
followed by the appearance of sinuous waves and then large- 
scale irregular breakup: this behavior will be called sinuous jets 
in the following. With increasing Reynolds number, there is a 
tendency for the irregular or turbulent-like portion of the breakup 
process to merge with, and eventually precede. the sinuous 
wave portion of the flow, disrupting the sinuous waves. 
Finally, at sufficiently high Reynolds numbers, the liquid 
surface becomes roughened close to the jet exit and the flow 
exhibits the properties of turbulent primary breakup. 
W 
Conditions for the appearance of laminar, sinuous and 
turbulent jets are summarized as a function of Lld and Refd in 
Fig. 7. Observations of laminar and sinuous jets are denoted by 
cross-hatched, half-darkened and darkened symbols. In 
addition to the present results, earlier observations of Refs. 
17,20,22 and 23, using rounded inlets followed by relatively 
large Lld constant area sections (Ud 2 40) are shown on the 
plot. Finally, the observations of Grant and Middleman6 are 
shown on the figure, they involve sharp edged inlets which 
promote caviation at the inlet to the constant area section, and 
were more disturbed than the other measurements. 
The flow regimes illustrated in Fig. 7 for the Smith and 
Wang31 contractions yield transition to laminar jets when Lld 
becomes smaller than 4-6, independent of Refd up to the largest 
values considered (106). For Lid > 6, transition between 
sinuous and turbulent jets is observed in the range Refd = 1-4 X 
104, with a general tendency for Refd at transition to become 
smaller as U d  increases. This behavior can be anticipated from 
the well known tendency for large Lid passages to exhibit 
turbulent flow at their exit at lower Reynolds numbers.33 
Finally, the relatively large values of Reynolds numbers for 
turbulent pipe flow (Refd 2 10") are typical of behavior 
observed by others for relatively disturbance-free inlet 
conditions.32 
The observations of Grant and Middleman6 illush-ated in 
Fig. 7 highlight the potential effects of inlet disturbances. In 
particular, their observations for somewhat disturbed inlets 
indicate transition to turbulent jets at a Reynolds number of 
roughly 3,000, which is comparable to the lowest Reynolds 
numbers where turbulent pipe flow has been observed.29.30 
The results of Arai et d.t t-13 also suggest that the transition to 
laminar jets at Lid = 4-6 may be reduced for highly disturbed 
inlet conditions due to the presence of cavitation bubbles, e.g., 
they observed jet exit flows typical of turbulent jets for U d  = 4 
using square or slightly rounded inlet contractions at sufficiently 
high Reynolds numbers. This behavior probably is due to the 
development of turbulent regions near points of reattachment of 
cavity flows which act to hip turbulent flows even in relatively 
short passages. Thus, present estimates of the turbulent breakup 
regime are somewhat conservative and are representative of 
relatively disturbance-free slug flows at the inlet of the constant 
area section. As noted earlier, effects of disturbances at the 
inlet, as well as separated flows and effects of inlet cavitation, 
offer a rich area of study that merits attention: however, such 
considerations are beyond the scope of the present study. 
The final issue with respect to breakup regimes involves 
the influence of aerdynamic effects on transition to the turbulent 
primary breakup regime. Present measurements considered 
these effects for a gas density range of 0.16-9.63 kg/m3. The 
corresponding range of liquidlgas density ratios was 104-7240, 
with aerodynamic effects influencing drop sizes after turbulent 
primary breakup regime for liquidlgas density ratios less than 
500.23 Nevertheless, no effect of liquid/gas density ratio on 
transition to the turbulent primvy breakup regime was observed 
for the present test range. This is reasonable because the onset 
of turbulent jet conditions appears to be dominated by effects of 
transition within the constant area section of the jet passage. 
5 
Qns3 of Tur- 
In addition to defining the turbulent primary breakup 
regime, it also is of interest to determine drop sizes at the onset 
of breakup along the liquid surface, and the distance from the jet 
exit where breakup begins. Earlier work considered these issues 
for fully-developed turbulent pipe flow at the jet exit &Id 2 
40).22,23 The objective of the present measurements was to 
evaluate effects of L/d within the turbulent primary breakup 
regime. Since aerodynamic effects had proven to be relatively 
uninteresting with respect to conditions needed to reach the 
turbulent primary breakup repime, only liquid/gas density ratios 
greater than 5M) were considered, where aerodynamic effects on 
turbulent primary breakup are small.23 
v 
v 
Earlier work involved use of phenomenological analysis 
to find the drop sizes and the location of turbulent primary 
b r e a k u ~ . ~ ~ . 2 3  Drops at the onset condition were assumed to be 
formed from the smallest turbulent eddy whose kinetic energy, 
relative to the surrounding fluid, was sufficient to provide the 
required surface energy of a comparable-sized drop, for 
conditions where aerodynamic effects were sma11.22 The 
location of the onset of primary breakup was then found from 
the distance required for this critical eddy to move from the jet 
exit in order to form a drop as a result of Rayleigh breakup of 
the corresponding protruding eddy-sized ligament.22 These 
considerations yielded the following best-fit correlations for 
SMDi and xi, based on earlier measurements where aerodynamic 
effects were smak22 
SMDi/A = 133 Wefk-0.74 (4) 
xi/A = 3980 Wef~'0.67 ( 5 )  
Corresponding expressions when aerodynamic effects are 
significant (pf/pg < SM)) can be found in Ref. 23. 
Similar to past studies of turbulent primary breakup,"23 
drop size distributions always satisfied the universal m t  n o d  
dismbution function, with MMD/SMD = 1.2, of Simmons;32 
therefore, drop sizes will be described by the S M D  alone in the 
following. Measurements of the SMDi are plotted according to 
the variables of Eq. (4)  in Fig. 8 the correlation of Eq. (4)  also 
appears on the plot. Results are shown for Lld = 10, 41 and 
121, all for sufficiently high Reynolds numbers to be within the 
turbulent primary breakup regime. These results include present 
measurements using a cutter inlet to the constant area section 
with L/d = 10, as well as earlier measurements Refs. 20,22 and 
23 where a rounded inlet was immediately followed by constant 
area passages, with L/d = 41 and 121. It is seen that there is a 
consistent trend for the SMDi when Lld = 10 to be somewhat 
larger than results when L/d = 41 and 121. This seems 
reasonable because the turbulence spectrum is not well 
developed near the transition condition, at small L/d, which 
limits the availability of small-scale eddies;30 this effect will be 
discussed further when the evolution of drop sizes with distance 
from the jet exit is considered. Nevertheless, in view of the 
experimental uncertainties of the SMDi, the effect of reduced Ud 
is not large. Thus, it is reasonable to use the correlation of Eq. 
(4). as well as the corresponding correlation from Ref. 23 when 
aerodynamic effects are significant, throughout the turbulent 
Measurements of xi are correlated according to the 
variables of Eq. (5) in Fig. 9; the correlation of Eq. (5 )  also 
appears on the plot. The conditions of the measurements are 
similar to those for SMDi except that present results include 
observations at both U d  = 7 and 10, the former value being near 
the lower limit of the turbulent primary breakup regime, see Fig. 
7. Similar to the results for SMDi, variations of xi over the 
present range of Lld are small in comparison to experimental 
uncertainties. Thus, it seems reasonable to use Eq. (5). as well 
as the corresponding correlation from Ref. 23 when 
aerodynamic effects are significant, throughout the turbulent 
primary breakup regime. 
The last issue to be considered is the effect of Lld on the 
evolution of drop sizes after turbulent primary breakup with 
distance from the jet exit. For conditions where aerodynamic 
effects are not important, the variation of drop sizes with 
distance was found by assuming that drop sizes at a given 
location correspond to the size of ligaments completing Rayleigh 
breakup to form drops from their tips at the same position.22 
These considerations yielded the following best fit correlation 
for SMD as a function of x, based on earlier measurements 
where aerodynamic effects were small? 
SMD/x = 0.69[x/(A W e f ~ ' n ) ] ~ f l  (6) 
Corresponding results where aerodynamic effects are signifcant 
(pflpg < 500) involve merging of primary and secondary 
breakup; the correlation for SMD as a function of x in this case 
can be found in Ref. 23. 
Measurements of SMD as a function of x are correlated 
according to the variables of Eq. (6) in Fig. 10; the correlation of 
Eq. ( 6 )  also appears on the plot. Present measurements for Lld 
= 10 are shown on the figure, along with earlier results for Ud = 
41, 121 and 212 from Refs. 17,18,20,22 and 23. All these 
results involve conditions where aerodynamic effects are small. 
Results for L/d = 10 for values of x/(h WefA1l2) > 4 x 10-2 
generally are comparable to earlier measurements at larger Ud; 
thus, for these conditions Eq. (6) provides a correlation for the 
SMD, within experimental uncertainties, throughout the 
turbulent primary breakup regime. For smaller values of x/(A 
Wefi\'12), however, the measured SMD for Lld = I are 
consistently larger than the results at larger Lld. This behavior is 
reminiscent of effects of Lld seen for SMDi in Fig. 7. The 
smallest (Kolmogorov) scales of fully-developed turbulence 
were an order of magnitude smaller than present measurements 
of SMD in this region ( l!~/sMDi = 0.03-0.06). Thus, 
incomplete development of the turbulence spectrum, which is 
expected near conditions where transition to turbulence 
o c c u r ~ ? ~ ~ 3 0  provides the most promising explanation for larger 
SMD than expected from Eq. (6) near the onset of turbulent 
primary breakup at small Lld. Other features of Fig. 10, 
including the core length of Grant and Middleman? are 
discussed in Ref. 22. Finally, turbulent primary breakup yields 
larger drops than nonturbulent primary breakup at comparable 
conditions; therefore, turbulent primary breakup has larger 
potential for secondary breakup than indicated earlier for 
nonturhulent primary breakup. 




Primary breakup near the jet exit region of large-scale 
pressure-atomized sprays in still gases was studied, emphasizing 
effects of jet exit conditions on the primary breakup process. 
The major conclusions of the study were as follows: 
I ,  
u 
Jet exit conditions, particularly the presence of vorticity 
due to turbulence or variations of mean velocities from 
viscous effects in boundary layers, play a dominant role in 
primary breakup along the surfaces of liquid jets in gases. 
Nonturbulent slug flows, with boundary layers formed 
prior to the jet exit removed, did not undergo breakup 
along the surface of the liquid jet but formed intact liquid 
jets similar to those used in liquid cutting jets and observed 
by Arai et al."-'3 and Karasawa et a L t 4  for 
supercavitating injectors with no reattachment of the liquid 
jet to the passage walls. 
Nonturbulent slug flows undergo nonturhulent primary 
breakup and yield drop sizes that correlate with the 
thickness of boundary layers at the passage walls near the 
jet exit, see Fig. 4 and Eq. (3). 
The turbulent primary breakup regime, for nonturbulent 
slug flow with boundary layer removal at the inlet to the 
constant-diameter section, involves Lld > 4-6 and Refd > 
1.4 x 104, independent of aerodynamic effects, see Fig. 7. 
More disturbed conditions at the inlet of the constant area 
section increases the range of conditions where turbulent 
primary breakup can be observed; for example turbulent 
primary breakup was observed by Grant and Middleman6 
at Refd ca. 3000 and large L/d, and by Arai et al.11-13 at 
L/d = 4 and large Ref& for sharp-edged inlets that caused 
cavitation disturbances at the inlet. 
Within the Nrbulent primary breakup regime, conditions at 
the onset of turbulent primary breakup, SMDi and xi, and 
the subsequent variation of SMD after primary breakup 
with distance from the jet exit, are relatively independent of 
Lld; thus, Eqs. (4), (5) and (6) are recommended for these 
properties when aerodynamic effecu are small, along with 
corresponding equations from Ref. 23 when aerodynamic 
effects must be considered, see Figs. 8-10. 
Present results are mainly limited to conditions where 
Smith and Wang3' profiles are used to yield nonturhulent 
slug flows at the exit of the converging section. Effects of 
changing the geometq of the contraction section, as well 
as the presence of trips, other turbulence generating 
devices, and reattached flows after cavitation or separation 
bubbles, merit further consideration due to the widespread 
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Fig. 1 Sketch of the jet exit m g e m e n t .  
d= 6.0 rnrn d= 4.0 rnm 
WITHOUT CUTTER CUTTER; L/d = 0.1 5 
WATER ; io = 50 m/s 
FULLY- 
Fig. 3 Sketch of the injector passage vorticity mechanism for 
nonnrrbulent primary breakup. 
'"I  ' ' " 1  ' " ' I 
Fig. 4 Correlation of SMDm based on the injector passage 
Lnundary layer vorticity mechanism. 
'W 
Fig. 2 Jet appearance with and without boundnry layer 
removal for nonturbulent slug flow. 
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CUTIER; L/d=4 CUTTER; L/d=lO FDF; V d = 4  1 
d = 4.0 rnm 
Go = 50 m/s 
d = 4.0 rnrn 
uo = 50 rn/s 
d = 3.6 rnrn 
uo = 35 rn/s 
- - 
LIQUID : WATER 
Fig. 5 Pulsed photographs of liquid jets for various Lld. 
- - - - 
uo = 12 rn/s uo = 16 rn/s uo = 26 rn/s uo = 33 m / s  
GLYCEROL 42%; CUTTER L/d=7; d=4.0 mm 
Fig. 6 Pulsed photographs of liquid jets for various a,, 
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Fig. 7 Breakup regime map. 
Fig. 8 SMD at the onset of breakup. 
Fig. 9 Location of the onset of breakup. 
Fig. 10 Effect of Lld and streamwise distance on drop sizes 
after turbulent primary breakup. 
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